In recent years, welded wire fabric (WWF) has been: used widely as shear reinforcement, especially in thinwebbed concrete beams. The ease of placement of welded wire fabric, compared to the placement of conventional stirrups, has made the fabric an attractive alternative to the concrete industry.
Welded wire fabric is manufactured from cold-drawn steel wires, either smooth or deformed, and tackwelded orthogonally to form a mesh configuration. The cold-drawing process, while increasing the strength of the wire, significantly reduces its ductility and, consequently, the ductility of the concrete member. 1 In the use of WWF as shear reinforcement in concrete beams, a proper anchorage of the vertical wires is fundamental for the distribution of diagonal cracks and for the development of the ultimate strength of the wire.
Previous studies,'"" have shown that WWF is as effective as conventional stirrups under static loading, in terms of ultimate strength and control of the width of 728 diagonal cracks. The quality of the weld was found to be of extreme importance in the development of the ultimate strength of the wire.' Anchoring the fabric as recommended by ACI 318' was found to be adequate for members subjected to static loading conditions.'"
The main objective of this research program is to investigate the behavior of WWF as shear reinforcement in prestressed and nonprestressed concrete T-beams subjected to cyclic loading. Shear behavior and ductility of the beams reinforced with WWF are compared to the behavior of the beams reinforced with conventional single-and double-legged stirrups. Crack width control and anchorage of the web reinforcement are also studied. The experimental results are compared to the current provisions of the ACI Building Code and the recommendations of ACI Committee 215. 6 Details of the investigation are presented in Reference 7.
RESEARCH SIGNIFICANCE
With the increasing use of WWF as shear reinforcement, there is a need to examine its performance in concrete members under cyclic loading conditions. This paper presents the results of tests on fuli-scale prestressed and reinforced concrete T-beams subjected to cyclic loading. The beams were reinforced with two different types of commercially available WWF and with conventional stirrups. The behavior of the beams reinforced with WWF is compared to that of the beams reinforced with conventional stirrups.
EXPERIMENTAL PROGRAM Test specimens
Nine prestressed and reinforced concrete T-beams were tested in this investigation. Six beams were tested under cyclic loading, while three beams were tested un- der static loading. The static loading tests were performed to provide a basis for evaluating the cyclic loading results. The dimensions and details of the test beams are presented in Table I and Fig. I . The beams were divided into three series, A, B, and C, according· to the type of longitudinal reinforcement provided. Beams of Series A and B were pretensioned prestressed concrete beams, whereas beams of Series C were reinforced concrete beams. All the specimens had identical cross-sectional dimensions. Within each series, the shear span-to-depth ratio and the amount of longitudinal reinforcement were constant, whereas the types of shear reinforcement and loading were varied. Spacing and amount of web reinforcement were approximately the same for all the specimens. The properties and dimensions of the web reinforcement are presented in Fig. 2 . In this figure, the yield load of the WWF and the single-legged stirrups is determined as the load corresponding to a strain of 0.35 percent in accordance with the provisions of the ACI Building Code.
The jacking force in the tendons was, in all cases, 84 percent of the ultimate strength 1;,., resulting in a total effective prestress force of 220 kN (49.5 kips) for the beams of Series A and 333 kN (75 kips) for the beams of Series B. To prevent possible slippage of the strands, specimens were extended 750 mm (29.5 in) beyond each support center to provide the required development length. Also, the tendons were anchored at the ends of the beam using specially designed anchor devices. The concrete used for the beams was designed for a nominal strength of 35 MPa (5076 psi) and was provided by a local ready-mixed concrete supplier. The maximum aggregate size was 14 mm (0.55 in.) and the specified slump was 100 mm (4 in.).
Testing apparatus and instrumentation
The beams were simply supported over a span of 3 m (9.8 ft) and were subjected to a symmetrical two-point loading. The load was applied by a 1000 kN (225 kips) hydraulic jack through a spreader beam that distributed the load to the two loading points, as shown in Fig. 3 . Three LVDTs located at midspan and under the two loading points were used to measure the deflection of the beams. Electrical resistance strain gages, attached to both flexural and shear reinforcements, were used mainly to monitor prestress losses and to check anchorage of the web reinforcement. Concrete strains were measured using demec points attached to the surface of the beams on one side of the web, covering all possible areas that were likely to experience diagonal cracking, as shown in Fig. 4 . These readings were used to calculate the crack widths at different locations throughout the shear span. 
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Fig. 3-Test setup
Loading patterns
The loading pattern for the beams tested under cyclic loading consisted of a variable load range to minimize the number of specimens required to evaluate the behavior of the WWF under cyclic loading. A typical scheme of the loading pattern used for the beams of Series A is shown in Fig. 5 . A minimum load equiva-
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lent to an applied shear of 15 kN (3.4 kips) was used in all cases to insure a permanent contact between the actuator and the specimen. Each load range was maintained constant for 20,000 cycles. The load increments were selected according to the estimated shear capacity of the specimens.
Test procedure
All beams subjected to cyclic loading were tested under load control using a sine wave function and a frequency of 1 Hz. This value for the frequency was reduced to 0.5 Hz at higher load levels when the beams became too soft to follow the displacements of the actuator. After every 10,000 cycles, the beams were unloaded and the development and propagation of cracks were marked and photographed. A monotonically increasing load was then applied under displacement control and the load-displacement response was recorded. Measurements of concrete strains, steel strains, deflection, and applied load were recorded every 20,000 cycles at the maximum load level for the given load . range and at the maximum load level for the following load range.
Beams PSN2-WD, PSN3-D2, and PSI-WS tested under static load were loaded monotonically under displacement control. The load was applied in selected increments until failure of the beams. After each increment of loading, readings of all the instruments were recorded, and cracks were marked and photographed.
TEST RESULTS AND DISCUSSION
Measured shear load-displacement response after every 10,000 cycles for a typical specimen (PCI-WD) is presented in Fig. 6 . The main results for all the test specimens are summarized in Table 2 . In general, webshear cracking of the beams tested under cyclic loading occurred at a lower load level than that measured for the beams tested under static loading.
In Series A, three beams failed by crushing of the concrete in the compression zone. Beam PCI-WD failed by the crushing of the web above one of the supports, causing the separation of the flange from the web, as shown in Fig. 7(a) . Crack patterns at failure of two beams reinforced with WWF under cyclic and static loading are presented in Fig. 7(a) and (b) , respectively. Strain readings of Beam PCI-WD revealed that some of 100E
b. , , the vertical wires intersected by the main diagonal crack were fractured at a load of 120 kN (27 kips). This fracture of the WWF occurred at 140,000 cycles compared to 200,000 cycles for the double-legged stirrups used for Beam PCU-OL. Failure of the beam with WWF at a load of 160 kN (36 kips) suggests that the mechanism of arch action had a considerable effect on the loadcarrying capacity of Beam PCI-WO. This mechanism generated high compressive stresses, enough to crush the concrete in the web zone. Typical crack patterns for the beams tested in Series B under cyclic and static loading are given in Fig. 8(a) and 8(b) , respectively. The two beams tested under cyclic loading in this series failed by fatigue of the prestressing strands. Beams PSI-WS, tested under static load, failed by yielding of the tendons. The two reinforced concrete beams of Series C exhibited a shear compression failure. Typical crack pattern at failure for the beams of this series is shown in Fig. 9 for Beam RCI-WO. larger deflection than PSN2-WD tested under static load. This difference in deflection increased with load until failure of the specimens.
------------------,
Specimens PCI-WD and PCII-DL, reinforced with WWF and double-legged stirrups, respectively, exhibited similar behavior up to a shear load of 120 kN (27 kips) and 140,000 cycles. At this stage, Beam PCI-WD showed a larger increase in deflection than Beam PClI-DL. Nevertheless, the load and number of cycles to failure was very similar for both specimens, as indicated in Table 2 . The larger increase in deflection of Beam PCI-WD beyond a load level of 120 kN (27 kips) was probably due to fracturing of the vertical wires of the WWF at that stage.
In Fig. 11 , the contribution of the web reinforcement to the shear strength of the beams of Series A and C was computed as the difference between the applied shear load. ~d the measured shear load at diagonal cracking, in accordance with the ACI procedure.' This quantity was normalized by the contribution of the shear reinforcement V, based on the 45-deg truss model. The beam reinforced with WWF shows a slightly better performance in terms of deflection than a beam reinforced with an equivalent amount of double-legged stirrups, as shown in Fig. 11 for Series A. Beam RCI-WD of Series C, reinforced with deformed WWF, exhibits a lower steel contribution to the shear capacity than that predicted by the 45-deg truss model, as shown in Fig. 11 for Series C. On the other hand, in Beam RClI-SL of the same series, single-legged stir- Fracture of the WWF at a lower number of cycles in the prestressed beams of Series A, and the behavior of the reinforced concrete beams of Series C, suggest that deformed WWF is not as effective as conventional stirrups in terms of the ultimate capacity of the beams for repetitive loading.
Cracking behavior
In general, Beams PSN2-WD and PSN3-D2 of Series A and Beam PSI-WS of series B, all of which were tested under static load, developed a greater number of flexural and diagonal cracks in comparison to the corresponding beams tested under cyclic loading.
In Series A, Beam PCII-DL developed a greater number of cracks as compared to Beam PCI-WD, as shown in Fig. 12 . The more uniform distribution of flexural cracks observed in the beam with double-legged stirrups can be attributed to the smaller concrete cover of the shear reinforcement for this beam as compared to the beam with WWF. ' The crack patterns of the beams tested under cyclic loading in Series Band C were similar. The type of shear reinforcement had no appreciable effect on the crack patterns of these beams. The maximum crack width W max • based on the demec readings 4.7 and the number of cycles for specimens of Series A, B, and C are presented in Fig. 13 . In these figures, the maximum crack width has been normalized with respect to the amount of web reinforcement provided by conventional stirrups (V,)DL or (V,)SL in each case. For Series A, Fig. 13 indicates that deformed WWF provides a slightly better crack width control than an equivalent amount of double-legged stirrups. For beams of Series B (Fig. 13) , smooth WWF appears to be superior in comparison to single-legged stirrups. In the case of beams of Series C (Fig. 13) , the effect of both WWF and single-legged stirrups on crack width is virtually the same. These results indicate that deformed WWF seems to provide a slightly better crack width control compared to conventional double-legged and single-legged stirrups.
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Fig. I3-Normalized maximum crack width versus number oj cycles relationships
Anchorage of welded wire fabric Test results indicate that anchorage of the WWF by means of two horizontal wires at the top and bottom was sufficient to develop the ultimate strength of the vertical wire. None of the measured strains on the vertical wires showed a sudden decrease in value during the tests. This observation was considered as an indication that neither loss of bond between the concrete and the web reinforcement nor anchorage failure occurred. To substantiate this conclusion, the concrete cover was removed after the tests were concluded from all those areas that were likely to experience an anchorage failure. In Beam PCI-WD of Series A, fracture of the welded intersection and one of the horizontal wires was detected in the tension zone close to one of the supports. A close view of this area is shown in Fig. 14 . However, this anchorage failure did not prevent the vertical wire from fracturing, indicating that there was enough bond between the concrete and the wire to develop the ultimate strength of the wire. No anchorage failure was observed in the compression zone for this specimen.
In Beam RCI-WD of Series C, the main diagonal crack passed through one of the weld points located in both the compression and tension zones, as shown in Fig. 15(a) . Enlargements of these two areas after removal of the concrete are shown in Fig. 15(b) and (c), respectively. In this case, it was the vertical wire that was fractured at the welded intersection at failure, but no anchorage failure is observed. Table 3 shows a comparison between the test results and the predicted values for the load corresponding to diagonal cracking and ultimate shear capacity based on the ACI Building Code.' Also shown are the values based on the recommendations of ACI Committee 215," in which only one-half of the nominal strength carried by the concrete is considered.
Shear strength
For beams of Series A, the predicted values for diagonal cracking based on the ACI Building Code show good agreement with those measured for Beams PSN2-WD and PSN3-D2, which were tested under static load. However, for the beams tested under cyclic loading, the measured load at web-shear cracking is only 72 percent of that predicted by the ACI Building Code. For beams of Series B, the code equations appear to be in good agreement under cyclic loading and somewhat conservative under static load. This result is probably due to the higher level of prestress force used in these beams compared to that used in the Series A beams. For the reinforced concrete beams of Series C, the code overestimates the concrete contribution to the shear capacity by about 13 percent. The results obtained for the beams of Series A and C support the ACI Building Code recommendation that minimum shear reinforcement should be provided when repetitive loading is expected! The predicted values for diagonal cracking based on the recommendations of ACI Committee 215 are conservative in all cases, as given in Table 3 .
Regarding the ultimate strength of the, beams, the code provides a fairly adequate prediction under repetitive loading and conservative values in the case of static loading of the beams in Series A. For beams of Series B, the code seems to overestimate the capacity of the beams. However, these beams failed due to fatigue of the prestress reinforcement and, therefore, did not develop their full shear capacity. For beams of Series C, an adequate prediction is obtained for Beam RCII-SL reinforced with single-legged stirrups. However, for Beam RCI-WD reinforced with deformed WWF, the code predicts a higher value for the ultimate shear capacity. In view of this result, deformed WWF appears to be inadequate for reinforced concrete beams under the current code provision. The predicted ultimate strengths based on ACI Committee 215 recommendations are very conservative, as given in Table 3 .
SUMMARY AND CONCLUSIONS
The behavior of welded wire fabric (WWF) as shear reinforcement in prestressed and nonprestressed concrete T -beams subjected to cyclic loading is studied and compared to conventional stirrups. Based on the test results, the following conclusions can be drawn:
1. Anchorage of deformed WWF by means of two horizontal wires at the top and bottom of the vertical wires appears to be adequate under cyclic loading.
2. WWF showed a slightly better behavior in the control of diagonal cracking in comparison to an equivalent amount of either double-legged or singlelegged stirrups.
3. Deformed WWF is not as effective as conventional stirrups under cyclic loading, in terms of number of cycles for prestressed beams and ultimate strength for reinforced concrete beams.
4. The current provisions of the ACI Building Code appear to overestimate the shear cracking load of concrete beams under cyclic loading. The use of a mini-mum amount of shear reinforcement should be man-. datory when repetitive loading is expected.
5. The recommendations of ACI Committee 215 provide conservative predictions for both shear cracking load and ultimate strength of the test beams. 
NOTATION
shear span area of web reinforcement web width effective depth compressive stress in prestressed member compressive strength of concrete tensile strength of prestressing tendons yield stress of shear reinforcement yield stress of reinforcement factored moment at section number of cycles ultimate load relative movement parallel to crack or slide applied shear load shear strength provided by concrete measured shear load at web shear cracking nominal shear streogth provided by concrete when diagonal cracking results from excessive principal tensile stress in web measured shear load at failure nominal shear strength vertical component of prestress force at section nominal shear strength provided by shear reinforcement nominal shear strength provided by double-legged stirrups nominal shear strength provided by single-legged stirrups factored shear force at section shear crack width maximum shear crack width ultimate strain longitudinal reinforcement ratio
